In the 30 years since the discovery of the nucleosome, our picture of it has come into sharp focus. The recent high-resolution structures have provided a wealth of insight into the function of the nucleosome, but they are inherently static. Our current knowledge of how nucleosomes can be reconfigured dynamically is at a much earlier stage. Here, recent advances in the understanding of chromatin structure and dynamics are highlighted. The ways in which different modes of nucleosome reconfiguration are likely to influence each other are discussed, and some of the factors likely to regulate the dynamic properties of nucleosomes are considered.
Introduction
Although nucleosomes must fulfil the requirement to compact DNA, they must also possess the flexibility to allow genetic processes to occur. In the following sections, the main spontaneous rearrangements that the nucleosome is known to undergo are described.
Modes of dynamic chromatin reconfiguration

Site exposure
Although nucleosomes are resistant to complete dissociation at temperatures as high as 70°C [1] , they can undergo a variety of conformational transitions. Thermal denaturation studies of nucleosome core particles have provided evidence of intermediate, structurally distinct states prior to complete melting. Biophysical studies using combinations of circular dichroism, calorimetry, general phenomenon [19] , the physiological relevance of thermal nucleosome movement is often questioned. One reason for this is that the temperatures required for thermal redistribution are frequently higher than 37°C. However, the temperature required to reposition a nucleosome is affected significantly by the underlying DNA sequences, and studies of nucleosome mobility have favoured a subset of sequences that direct the positioning of nucleosomes at defined locations. Because an inherent property of these sequences is that they are refractory to nucleosome redistribution, the temperatures required are likely to be higher than average. Consistent with this, it is possible for nucleosomes to be relocated at temperatures lower than 37°C from strong positioning sequences at a reduced rate, or when DNA fragments are manipulated to reduce the strength of positioning (A. Flaus and T. Owen-Hughes, unpublished work). A second reason to question the physiological relevance of thermal nucleosome redistribution is that physiological concentrations of bivalent cations inhibit nucleosome sliding [21] . However, this inhibition is not absolute, and significant thermal nucleosome redistribution can be observed in the presence of bivalent ions [26] . On balance, it seems likely that most nucleosomes will be engaged in vibrational movement. This can result in translational repositioning, the extent of which will be constrained by the structural properties of the underlying DNA [27, 28] , the binding of transcription factors [29, 30] or nucleosome-binding proteins [31] , and the action of ATP-dependent chromatin remodellers and polymerases [32] .
Histone exchange
Dimers of histones H2A and H2B do not remain stably associated with the H3-H4 tetramer at physiological salt concentrations [33] . The wrapping of DNA around the octamer is therefore required to maintain nucleosome integrity. In ) values for distance from the centre of the enzyme recognition site to the nucleosome pseudodyad, using data for 5 S, 601.2 and 601.3 mononucleosomes from Polach and Widom [7] , Anderson and Widom [9] and Anderson et al. [10] respectively. vivo, there is evidence that histone dimers are prone to dissociation from the nucleosome [34] [35] [36] . Similarly, histone dimers are prone to dissociation from nucleosomes in vitro. In concentrated solutions of chromatin, this exchange may be difficult to detect, as reassociation with the resulting dimer-depleted chromatin may be occurring at a similar rate. However, in dilute solutions nucleosomes are not stable [37, 38] . Figure 2 shows that low, but detectable, levels of histone dimer exchange occur spontaneously during thermal incubation. In that study it was possible to monitor nucleosome repositioning in parallel. As most of the nucleosomes were Figure 2 Detection of spontaneous histone H2A-H2B dimer exchange. Nucleosomes (Nuc; 200 nM) comprising Cy5-labelled 54A18 DNA were incubated in the presence of a 4-fold molar excess of tetramer on Cy5-labelled 0A0 DNA at 47°C for increasing times. The upper image (A) shows the Oregon Green-labelled histones, and the lower image (B) shows the Cy5 signal from DNA. The efficiency of dimer transfer from the remodelled (Rem) 54A18 nucleosomes on to 0A0/tetramer and the percentage of nucleosome repositioned were calculated. Methods were as described previously [99] .
repositioned prior to the detection of significant dimer exchange, nucleosome repositioning appeared to be more favourable than loss of histone dimers under these conditions. Nonetheless, the loss or exchange of histone dimers between nucleosomes should be recognized as one of the spontaneous transitions that the nucleosome can undergo.
Other structural rearrangements of the nucleosome
The consistent organization of histones in different nucleosome structures may contribute to the perception that this arrangement is inviolable. However, there is evidence that even the arrangement of histones within the H3-H4 tetramer is somewhat dynamic. Allfrey and colleagues [39] noticed that the cysteine residues in histone H3 became more accessible in transcriptionally active chromatin. Although the structural basis for this remains unclear, there are other observations that suggest that rearrangement of the tetramer may be possible [40] [41] [42] .
Chromatin fibre formation
It has been appreciated for some time that linear arrays of nucleosomes can condense spontaneously to form more compact structures. This condensation reaction is sensitive to the concentrations of univalent and particularly bivalent cations in solution [43] . Until recently there was considerable controversy as to the arrangement of nucleosomes within such fibres. However, it is now apparent that nucleosomes are arranged as a two-start helix in these 30 nm fibres, at least in an idealized situation [44] . The formation of chromatin fibres is likely to affect access to the underlying DNA. Consistent with this, a correlation has been observed between the level of condensation and the propensity for gene expression [45] . What is not clear at present is whether the organization of chromatin fibres generated in vitro is similar to that of those that occur inside nuclei, where additional proteins may contribute to the stabilization of chromatin fibres.
Relationship between different aspects of chromatin dynamics
Although five different modes by which chromatin can be dynamically rearranged have been described above, many of these alterations may be interrelated. The unpeeling of DNA from the edge of nucleosomes may provide a starting point for the formation of loops, which could provide a means for nucleosome movement [46] . The finding that a subset of remodelling enzymes closely related to the yeast SWI/SNF (sucrose non-fermenting) complex can reposition nucleosomes to locations at which substantial amounts of DNA are removed from the edge of nucleosomes [23, 47, 48] provides a pathway by which nucleosome movement may promote dimer exchange. Conversely, removal of histone dimers by equilibration with the histone chaperone NAP-1 (nucleosome assembly protein-1) has been observed to promote nucleosome mobility [49] . Similarly, it is plausible that the loss of histone dimers might contribute to site exposure.
All of the modes by which the structure of individual nucleosomes may be altered may also influence the ability of arrays of nucleosomes to form chromatin fibres. As the arrangement of nucleosomes within chromatin fibres is ordered, the orientation and length of linker DNA are likely to have optimum values that favour fibre condensation. Alterations to mononucleosome structure are likely to influence these parameters. An example for which this may be especially relevant is in the characterization of Sin mutations that suppress the requirement for the SWI/SNF complex in vivo. Nucleosomes bearing these mutations have dramatically increased thermal mobility [26] . Some of these mutations have also been found to inhibit the ability of nucleosomes to form chromatin fibres [50] . It is possible that the increased mobility of nucleosomes may reduce the time that nucleosomes are correctly aligned for fibre formation. This could occur either if nucleosomes slide translationally away from locations necessary for folding or if parts of the nucleosome structure participating in folding take up non-productive orientations.
Means of regulating nucleosome dynamics
Post-translational modifications
Amino acid residues within the tail domains of the nucleosome have long been recognized as targets for post-translational modification [51] . Modifications of these highly basic tails have moderate effects on chromatin at the level of the nucleosome, since they protrude from the nucleosome core [52] . Modifications may also act to create or destroy docking sites for factors functioning downstream. Protein domains common to chromatin-associated factors which are capable of binding differently modified amino acids have been identified. For example bromodomains seem to be acetyl-lysine-binding modules [54] [55] [56] , several chromodomains bind methyl-lysine residues [57-61], and tudor domains have been identified with either methyl-lysine or methylarginine binding specificities [62, 63] .
The histone tails may also play an important role in organizing higher-order structures by contacting linker DNA or components of adjacent nucleosome cores. An example of this is seen in the first high-resolution crystal structure of a nucleosome, where the histone H4 tail contacts an acidic patch within the globular region of an H2A-H2B dimer from a neighbouring nucleosome [64] . Modifications that alter the charge of a residue (e.g. lysine acetylation) may affect these interactions. Recently, lysine acetylation has been shown to impede incorporation of nucleosomes into higher-order fibres in living cells [65] . Consistent with this, the histone H4 tail plays a critical role in mediating condensation of nucleosome arrays in vitro [66] , raising the possibility that histone H4 modifications may specifically influence chromatin folding. Historically, most investigations into the role of histone tails in nucleosome dynamics have involved removal of all histone tails by trypsin digestion. However, if different tails have different and possibly opposing roles, then important effects may have been overlooked.
A recent study using sophisticated mass spectrometry identified many sites of post-translational modification within the globular domains of the histones [67] . By their nature, chemically reactive and thus modifiable amino acids are hydrophilic, and therefore they tend to occur on the external surface of the histone octamer. As a consequence, within the nucleosome these modifications will be in close proximity to the path of the DNA. This has led to the suggestion that post-translational modifications of the histone octamer globular core will affect the association of the DNA with this structure [68] .
Post-translational modification of DNA by CpG methylation may provide another means of manipulating nucleosome dynamics. DNA methylation can affect the affinity of histone octamers for DNA, as well as altering translational positioning on DNA [69, 70] .
Histone variants
Almost all eukaryotes have several genes for each of the core histones. These fall into two categories. The main histone genes with replication-dependent expression are in multiply repeated arrays which, although highly similar, do exhibit a low level of gene-to-gene variation. A second set of more significant sequence variants have more specialized and replication-independent expression profiles, such that the proteins that they encode can be used in specific circumstances. Interestingly, histones H3 and H2A seem to be subject to the most specialization, whereas H2B and H4 are in general invariant [71] . Little is known about how incorporation of these variants affects the dynamic properties of chromatin. Incorporation of H2A.Z into a histone octamer increases the rate of its thermal repositioning [26] and influences chromatin fibre formation [72] . It is unclear how these altered properties relate to the role of this variant in vivo, which is to protect against the spread of silenced chromatin in budding yeast [73] ; it may also assist in the recruitment of HP1 (heterochromatin protein 1) in higher eukaryotes [74] .
The macroH2A variant is found in the silenced X chromosome of female mammals [75] . It has a large C-terminal extension which can function in vitro to further impede the binding of transcription factors to nucleosomal DNA [76] . In contrast, H2A.Bbd has a truncation of the C-terminus of the histone fold region and is completely excluded from inactive X chromosomes [77] . In vitro, nucleosomes containing this variant organize only 118 bp of DNA [78] , and can be transcribed through more easily than those containing canonical histones [79] . These properties are consistent with a role in active transcription, which was first suggested from the co-localization of H2ABbd with regions of H4 acetylation [77] .
ATP-dependent remodelling
Nucleosome structure can also be changed non-covalently to alter the accessibility of the associated DNA. One group of enzymes that cause these changes are ATP-dependent chromatin remodellers belonging to the SFII (superfamily II) helicase-like proteins. These are members of the Snf2 family, which is named after the first remodeller to be identified. The Snf2 family can be subdivided further into subfamilies that cause distinct alterations to nucleosome structure. For example, enzymes of the ISWI (imitation switch) subfamily cause nucleosome repositioning [30, 80, 81] , but are unable to significantly alter DNA accessibility within the boundaries of the nucleosome [30, 48] or cause histone dimer exchange [82] . In contrast, all three of these properties have been attributed to Swi2/Snf2-type enzymes [48, 82, 83] . Snf2 family members have roles in regulating such diverse processes as DNA methylation [84, 85] , transcription intiation [86], elongation [87] , termination [88] and homologous recombination [89] within the context of chromatin (reviewed in [90] ).
Association of nucleosome-binding proteins
Linker histones, including histone H1 and H5, bind to the nucleosome, protecting DNA outside of the nucleosome core and promoting compaction of nucleosomal arrays (reviewed in [43] ). In general, linker histones are found to associate with regions of low transcriptional activity [91] , but this association is dynamic [92] . The presence of histone H1 has also been observed to restrict both inherent and ATP-driven nucleosome repositioning [31, 93] and to increase the association of histone tails with linker DNA [94] , and so may provide a means of regulating nucleosome dynamics. Other nucleosome-binding proteins, including HP1 [74] , HMGN (high-mobility group nucleosomal binding domain) proteins [95] , polycomb proteins [96] or PARP [poly(ADP-ribose) polymerase] [97] , may provide additional means of modulating nucleosome dynamics. Proteins known to associate with DNA-free histones, such as NAP-1, CAF-1 (chromatin assembly factor-1) and Asf1 (antisilencing function 1), may act differently to facilitate the assembly or removal of nucleosomes from DNA [98] .
Summary
It is clear that the targeted modification of histones acts to influence the function of nucleosomes as a platform for the recruitment of proteins required for gene regulation. However, this should not detract from the likelihood that a subset of regulatory pathways target the nucleosome to alter its dynamic properties, and that this could have a role in altering the accessibility of the underlying template. 
